Background: Infertility is one of the major health problems. Objectives: The aim of this study was to evaluate the effects of Nigella sativa on heat-induced testicular damage. Methods: Forty male mice were randomly divided into the four equal groups as Control, Heat stressed and, Heated and treated with Nigella sativa 10 % and 20 % in diet. The scrotum of mice except to the control mice were immersed for 15 min in a water bath at 43 °C. Animals in the control group were treated identically except that the water bath was maintained at 23 °C. Fifty days after the heating, blood samples were collected for testosterone levels. Testes were removed for the measurement of seminiferous tubules diameter and percentage of spermatogenesis and oxidant/antioxidant status. Results: Heating stress signifi cantly reduced blood testosterone level and increased lipid peroxidation product and decreased antioxidant activities of superoxide dismutase, catalase and glutathione peroxidase (p < 0.01). Nigella sativa treatment signifi cantly increased blood testosterone level and decreased testis malondialdehyde level and increased antioxidant enzymes activities (p < 0.05). In the mice treated with Nigella sativa, testes illustrated normal spermatogenesis and structure.
Introduction
Infertility is one of the major health problems with the medical and economic signifi cance (1) . Testicular damage caused by heat, is considered to be one of the causes of infertility in men and the most of mammalian (2) . In the most mammalian species, a relatively low temperature is required for normal spermatogenesis and sperm fertility. Studies have found that the temperature of the scrotum in the most mammals is 4 to 5 °C lower than the abdominal cavity temperature (3) . However, exposing testes to or above body temperature by localized heating (4), experimental cryptorchidism (5) , or varicocele (6) led to the arrest of spermatogenesis and cause a temporary or permanent sterility (5) . Cellular mechanism, by which heat stress damage the testes, are not fully understood (7) . Production of free radicals and reactive oxygen species (ROS), including superoxide anion and hydrogen peroxide, can induce positive changes in sperm function (8, 9) .
However, excessive production of ROS can be harmful to sperm, causing male sterility. Research conducted by Ikeda et al (1999) showed a very effective role of reactive oxygen radicals in germ cell testicular damage caused by heat stress (5) . Benefi cial effects of antioxidants and free radical scavengers on damage caused by thermal stress and the improvement of the fertility in male rats were reported by Setchell and Wahab-Wahlgren (10) . Reports are mainly focused on the use of various antioxidants (11) and extracts of herbs or other agents containing antioxidant properties (12) . The usage of the plants in the treatment of infertility, increasing of fertility and sexual potency is a believer in the old ancestral (13) . Nigella sativa Linn. from the Ranunculaceae family, is commonly known as Black seed in traditional medicine. In India, Arabic countries, Europe and Iran, Nigella sativa seeds and oil are traditionally used in treating diseases such as asthma, diabetes, tumor, bronchitis, gastrointestinal disturbances, impotence and painful menstruation. Nigella sativa is also used as carminative, diuretic and anti-parasitic agent (14, 15) . In many diseases, such as cirrhosis, hepatitis and chemical poisoning, in which free radicals are produced; the antioxidant properties of Nigella sativa could be very useful (16) . It has been shown that antioxidant effects of Nigella sativa oil are 4-5 times greater than its essence (17) . Also, due to the presence of fatty acids and compounds such as tocopherols, carotenoids, metal ions and phosphorus components in smaller amounts, fresh and intact plant and most of its oil is resistant against to oxidation (18) .
Considering the numerous benefi cial effects and particularly antioxidant activity of Nigella sativa, it is believed that the seeds of this plant are capable to protect the testes against heat-induced oxidative damage. Therefore, the present study evaluated the protective effects of Nigella sativa against damage caused by heat stress in mouse testis.
Materials and methods

Chemicals
All chemicals were purchased from Sigma-Aldrich Company (St. Lou is, MO, USA) except those otherwise indicated.
Plant material
Nigella sativa were obtained from Herbal Drug Stores. The seeds were identifi ed and confi rmed by a botanist in the Biology Department of Tabriz University of Medical Science, as black seed (Nigella sativa Linn.).
Animal treatment
A total of 40 adult Balb/C mice, 30-35 gr were housed in colony rooms with 12/12 h light/dark cycle at 21 ± 2 °C and fed with laboratory pellet chow and given water ad libitum. Investigations using experimental animals were conducted in accordance with the internationally accepted principles for laboratory animal use and care as found in the United States guidelines (United States National Institutes for Health publication no. 85-23, revised in 1985) . After a week of adaptation to the new conditions, animals were randomly allocated to four experimental groups each containing 10 mice including: 1 -Control, 2 -Heat stress, 3 -Heated and treated with a low dose of ground Nigella sativa; and 4 -Heated and treated with a high dose of ground Nigella sativa. With the start of the experiment, the Groups 1 and 2 used the standard basal diet and in the groups 3 and 4 respectively, 10 % and 20 % were added to the basal diet. After 10 days, the mice were anaesthetized with intraperitoneal administration of xylazine (10 mg/kg, Alfasan, Holland) and ketamine (100 mg/kg, Rotexmedica, Germany), then, the scrotum and hind legs of mice except to the control mice were immersed for 15 min in a water bath at 43 °C. Animals in the group1 were treated identically except that the water bath was maintained at 23 °C (19) . Post heating treatment of the mice with the mentioned diet was continued for 50 consecutive other days. At the end of experiment, all mice groups were sacrifi ced by cervical dislocation.
Biochemical assays
Blood testosterone levels In order to determine serum testosterone levels, the trunk blood was collected and 1 ml of blood was distributed into tubes containing an anticoagulant agent, followed by centrifugation at 2500 rpm for 15 min at 30 °C. Serum testosterone was assayed by radioimmunoassay (RIA). Testosterone levels were analyzed using RIA kits purchased from Immunotech (Marseille, France).
Measurement of malondialdehyde (MDA) and antioxidant enzymes activities
Left testes were excised immediately, washed with ice-cold physiologic saline solution (0.9 %, w/v), blotted and weighed. About 1 g of testis was cut into small pieces, homogenized with an Ultra Turrax homogenizer in 2 ml ice-cold appropriate buffer (TBS, pH 7.4) and centrifuged at 9000 g for 15 min at 4 °C. Supernatants were collected and stored at -80 °C until use for enzyme assays. Concentrations of MDA, an index of lipid peroxidation and oxidative stress, in testis were determined spectrophotometrically by the method of Buege and Aust (20) .
Superoxide dismutase (SOD) activity in tissue extracts was assayed spectrophotometrically as described by Beyer and Fridovich (21) . This method is based on the capacity of SOD to inhibit the oxidation of nitroblue tetrazolium (NBT). One unit of SOD represents the amount of enzymes required to inhibit the rate of NBT oxidation by 50 % at 25 °C. The activity was expressed as units/mg protein.
Testis catalase (CAT) activities were measured according to Aebi (22) . Hydrogen peroxide (H 2 O 2 ) disappearance was monitored kinetically at 240 nm for 1 min at 25 °C. The enzyme activity was calculated using an extinction coeffi cient of 0.043 mM -1 cm -1
. One unit of activity is equal to the mmol of H 2 O 2 destroyed/min/ mg protein.
Glutathione peroxidase (GPx) activity in tissue extracts was assayed according to the method of Flohe and Gunzler (23) . The activity was expressed as mmol of GSH oxidized/min/mg of protein at 25 °C.
Histopathological evaluation
Right testes were removed gently for histological analysis. The sample was fi xed by immersing it in 10 % neutral-buffered formalin. The sample was then embedded in paraffi n, sliced into 5 μm sections, and stained with hematoxylin-eosin for blinded histological assessment. Histopathological evaluation of testes was done using two parameters by an expert pathologist in a blind fashion. The fi rst parameter was the mean seminiferous tubules diameter in each testis. The ten smallest, roundest tubules were identifi ed and measured with an ocular micrometer under the light microscopy. The mean diameter, in microns, was then determined for each group. The second parameter was the percentage of spermatogenesis. For this purpose, two hundred seminiferous tubules were examined under the light microscopy. The presence of spermatozoa within the seminiferous tubule was considered as the evidence of spermatogenesis. Lack of spermatozoa even in the presence of orderly progression of primary and secondary spermatocytes was not considered as the evidence of spermatogenesis for the purpose of this experimental study (24) .
Statistical analysis
The results were expressed as the mean ± SD. The signifi cance of differences among the groups was analyzed statistically by the One-way Analysis of Variance, followed by followed by Tukey's post-hoc multiple comparison test. The differences were considered statistically signifi cant if p < 0.05.
Results
Serum testosterone level
The serum testosterone levels in the control, heat stress as well as heated and treated with Nigella sativa groups are shown in Figure 1 .
In heat stress mice, the serum testosterone level signifi cantly (p < 0.01) decreased compared to the control mice. In the heated and treated with low dose of ground Nigella sativa mice (group 3) no signifi cant improvement was observed in comparison with heat stress mice. However, a signifi cant improvement (p < 0.05) was observed in the mice heated and treated with high dose of ground Nigella sativa (group 4) compared to the heat stress mice.
Lipid peroxidation and activities of antioxidant enzymes in testis
Effect of ground Nigella sativa on lipid peroxidation and activities of antioxidant enzymes in testis following heat testicular stress are shown in the Table 1 . The MDA level in testis of heat stress mice signifi cantly (p < 0.01) increased compared to the control group. In the mice heated and treated with low dose of ground Nigella sativa (group 3) no signifi cant improvement was observed. The administration of ground Nigella sativa in a high dose signifi cantly (p < 0.05) decreased the level of MDA in testis of the mice, as compared to the heat stress group. The activity of SOD was signifi cantly lower (p < 0.01) in testis of the heat stress mice compared to the control group. Similarly, the activities of CAT and GPx were signifi cantly decreased in heat stress mice as compared to the control group. In the mice heated and treated with low dose of ground Nigella sativa (group 3) no signifi cant improvement were observed in testicular antioxidant enzymes activities as compared to the heat stress mice. However, the treatment with a high dose of ground Nigella sativa resulted in a signifi cant restoration (p < 0.05) of all these enzymes.
Seminiferous tubules diameter and spermatogenesis
The mean seminiferous tubules diameter was reduced in the testes of heat stress group in comparison with the control mice (p < 0.01). The mean seminiferous tubules diameter showed a marked increase in the in the mice heated and treated with high dose of ground Nigella sativa (p < 0.05), but there was not signifi cant recovery in mean seminiferous tubules diameter of heated and treated with low dose of ground Nigella sativa group as compared to the heat stress mice (Fig. 2) .
The percentage of spermatogenesis in the testes of heat stress mice was reduced in comparison with the control group (p < 0.01). The percentage of spermatogenesis was increased in the mice heated and treated with high dose of ground Nigella sativa (p < 0.05), but there was not signifi cant improvement in the percentage of spermatogenesis in heated and treated with low dose of ground Nigella sativa group as compared to the heat stress mice (Fig. 3) .
Histopathological observations
The control animals exhibited normal testicular structure in histopathological examination. The testes of the mice in the Heat stress group showed degenerative changes with spermatic arrest in most of the seminiferous ducts. Distention of interstitial space with some evidence of edema and thickening of the capsule was prominent. Treatment with a high dose of ground Nigella sativa improved the damage and structure of the testes was near to normal. However, in some areas, seminiferous tubules were slightly shrunk and tubular basement membranes had irregular outline. The appearance of interstitial tissue of testes in the low dose ground Nigella sativa treatment group was similar to the heat stress group and some of the seminiferous tubules were degenerated (Fig. 4) .
Discussion
The results of the present study supported the previous reports denoting that a short exposure of the mouse testis to heat can induce considerable pathologic changes (19, 25) . This study demonstrated that administration of ground Nigella sativa in diet of mice for 60 days caused the increase of serum testosterone level and improved testicular damage caused by heating as compared with the Heat stress group in a dose dependent manner. However, in the present study, administration of ground Nigella sativa in diet of male mice caused the enhancing in enzymatic antioxidant defense system. Similar results were obtained in a previous report of male diabetic rats (26) . Also, these fi ndings agree with those reported by AlSa'aidi et al (2009) and Mohammad et al (2009) who demonstrated that Nigella sativa produced an increase on fertility and reproductive system in adult male rat (27, 28) . Histopathological fi ndings in the present study revealed that the spermatogenic damage caused by exposure of the mouse testis to heat could be improved by the administration of ground Nigella sativa in diet. It has been previously revealed that the pachytene spermatocytes and early spermatids were the cells in the testis, which were most susceptible to heat (29) . Early studies have shown that heat induced cell death in the testis (30) . Cell death had been observed in meiotic primary spermatocytes and mitotic spermatogonia (31) . It was originally claimed that the cell death following heating was not an apoptosis but necrosis, although this was not accompanied by infl ammation (32) . However, subsequent studies have shown that apoptosis was involved (33) (34) (35) . Take in all, the mechanism of cell death appears to be apoptosis, not necrosis, and may involve reactive oxygen species (ROS), the tumour suppressor protein p53, nitric oxide synthase (NOS), the translocation of the proapototic factor Bax from the cytoplasm to a perinuclear position, the release of cytochrome c from mitochondria and several caspases (7) . The effects of antioxidants and the free radical trapping agents were studied before and during local heating of the testes (10) . Antioxidants have been shown to reduce the damage to DNA in infertile patients (36) . According to the previous reports, Nigella sativa possesses antioxidant activity (37, 38) . Elevation in MDA level in testis of scrotal heat stressed mice suggested that oxidative stress due to free-radical damage was one of the possible mechanisms in the pathophysiology of heat induced testicular damage. On administration of ground Nigella sativa, the MDA levels have decreased. This indicated that in the presence of Nigella sativa in the diet there was the improvement in the oxidative stress. The data of our study also revealed that treatment by ground Nigella sativa markedly improved the antioxidant status of testis in the mice exposed to scrotal heat stress. The increase in antioxidant enzymes activity and the decrease in MDA level in testis of Nigella sativa treated mice exposed to scrotal heat stress underlined its anti-lipid peroxidative and antioxidative properties. Therefore, another explanation for improvement of testicular damage in Nigella sativa treated mice exposed to scrotal heat stress is the reduced level of testicular MDA and restoration of antioxidant enzymes activities. The antioxidant activities of Nigella sativa were previously demonstrated by Salem (2005) who revealed that the oil of Nigella sativa and its active ingredients, in particular thymoquinine (TQ), encompassed antioxidant effects by enhancing the scavenger system leading to antitoxic effects (39) . In the same way, Kanter (2008) has reported that Nigella sativa decreased the LPO and hepatic marker enzymes, and increased the antioxidant defense system activity (40) . Same authors also demonstrated that Nigella sativa treatment decreased tissue malondialdehyde and prevented inhibition of superoxide dismutase, glutathione peroxidase and catalase enzyme activities following the experimental spinal cord injury in rats (41) . According to the previous records, the improvement of reproductive functions of male rats by Nigella sativa was probably related to its constituents of proteins, vitamins like A, B and C, in addition to the presence of important minerals like zinc, copper and magnesium, which increased reproductive organs weight and to the fact that Nigella sativa seeds contained alkaloids and phenols, which stimulated the secretion of testosterone (42) (43) (44) .
Finally, since the time needed for initiation of stem cell division to formation of spermatozoa is around 35 days for mice (45) , our selected period of time in present study provided enough time to supervise the potential recovery of spermatogenesis in survivor spermatogonia in both the heat stressed and Nigella sativa treated mice. According to the report by Setchell (2), the recovery of spermatogenesis was encountered approximately 40 days after an exposure to heat, but our fi ndings revealed that more than 50 days were needed to complete recovery, and treatment with Nigella sativa was able to decrease the duration of recovery.
In conclusion, dietary supplementation of ground Nigella sativa induced favourable effects on testes of scrotal heat stressed mice, and that the benefi cial effects were attributable to its antioxidative and androgenic effects. Therefore, the use of Nigella sativa in heat-induced testicular damage is supported, however the precise active substance(s) of Nigella sativa, site(s) and cellular and molecular mechanism(s) of its pharmacological effect are still to be determined.
